The contribution of this paper is the introduction of multi-criteria approach in the smart grid efficiency assessment. Unlike the approach used in [1] , the fuzzy AHP method has been proposed, offering much more flexibility in the criteria selection and the evaluation of both criteria and alternatives.
Furthermore, the new hierarchy of four criteria and seven performances has been introduced in order to obtain more consistent evaluation framework. We proved that the method is highly successful in the evaluation of alternatives in the presence of heterogeneous criteria.
Because of the main characteristic of the adopted smart grid evaluation framework and its complex hierarchical structure, we proposed the fuzzy AHP methodology for the project evaluation, structuring a decision into a hierarchy of criteria, sub criteria and alternatives. By means of pair-wise comparisons of two (sub) criteria or alternatives, it generates inconsistency ratios and weighting factors to prioritise the criteria and alternatives.
After the brief overview of key performance indicators for the smart grid evaluation, the fuzzy AHP methodology has been presented. The methodology is illustrated on the choice of smart grid projects deployment for one medium size power distribution company.
SMART GRID ASSESSMENT FRAMEWORKS
The implementation of a Smart Grid is useful to achieve strategic policy goals, such as the smooth integration of renewable energy sources, a more secure and sustainable electricity supply and full inclusion of consumers in the electricity market. Smart Grids help the consumers to better understand their own energy use, which in turn allows them to identify energy saving opportunities. Smart grid and Advanced Metering Infrastructure (AMI) systems could open up opportunities for energy management companies, hired by consumers, to use data from consumers" smart meters to identify opportunities for energy savings or to measure the success of energy savings measures after they are undertaken [20] . For utilities, a better understanding of the electrical grid's status at a second-by-second level allows the grid to be operated at much tighter tolerances, resulting in greater efficiencies and reliability.
Steering the Smart Grid transition is a challenging, long-term task, which requires balancing energy policy goals, environmental constraints and market profitability. In this perspective, a first approach in Smart Grid assessment is to evaluate to what extent Smart Grid projects are contributing to progresses toward the "ideal Smart Grid" and its expected outcomes (e.g. sustainability, efficiency, consumer inclusion), which are directly linked with the policy goals that have triggered the Smart Grid transition. This first approach is conducted via the definition of suitable metrics and key performance. A second complementary approach is to assess the profitability of Smart Grid solutions and investments through an appropriate multi-criteria decision analysis methodology.
Key performance indicators
The progress of smart grid development can be measured by formulating a set of Key Performance Indicators (KPIs) and applying those to the electricity network. In [17] - [19] the characteristics of the ideal Smart Grids and defined metrics to measure progresses and outcomes resulting from the implementation of Smart Grid projects have been defined. The ideal Smart Grid has been defined in terms of characteristics in the US and in terms The EC Smart Grid Task Force has identified a list of benefits deriving from the implementation of a Smart Grid [16] :
 Increased sustainability;  Adequate capacity of transmission and distribution grids for "collecting" and bringing electricity to the consumers;  Adequate grid connection and access for all kinds of grid users;  Satisfactory levels of security and quality of supply;  Enhanced efficiency and better service in electricity supply and grid operation;  Effective support of transnational electricity markets by load flow control to alleviate loop flows and increased interconnection capacities;  Coordinated grid development through common European, regional and local grid planning to optimise transmission grid infrastructure;  Enhanced consumer awareness and participation in the market by new players;  Enable consumers to make informed decisions related to their energy to meet the EU Energy Efficiency targets;  Create a market mechanism for new energy services such as energy efficiency or energy consulting for customers;  Consumer bills are either reduced or upward pressure on them is mitigated.
Each benefit is expressed via a set of KPIs including both quantitative and qualitative indicators. For illustration, the first benefit -increased sustainability is valued by the quantified reduction of carbon emissions, environmental impact of electricity grid infrastructure and quantified reduction of accidents and risk associated with generation technologies (this sentence is not clear). The complete list of indicators can be found in [16] . The KPIs can be applied to evaluate project results on smart grids as well. A clearly defined framework can specify where exactly the project contributed to a smart electricity grid. The mixture of quantitative and qualitative indicators is one of the major reasons for introducing the multi-criteria decision analysis techniques. Another reason is the shortcoming of the cost benefit analysis, which will be explained in the sequel.
Smart grid development assessment model
The implementation of the Smart Grid should be market-driven. Another necessary approach in Smart Grid assessment is therefore to assess the costs, the benefits and the beneficiaries of different Smart Grid solutions. A comprehensive methodology for cost benefit analysis of Smart Grid projects has been defined in [21] , while the European Commission has adapted and expanded the DOE/EPRI methodology to fit the European context [22] - [24] . However, the traditional cost benefit analysis approach is not catching all the effects involved in development policies, where intangible aspects are not secondary, but dominating [25] . The main disadvantage of the cost benefit is the translation of all the effects in a common numerical and a single aggregate measure. It is crucially important to ensure that project proposals are evaluated against a common reference system, to integrate the outcome of the KPI and of the economic analysis and come up with an overall project evaluation. Therefore, multiple criteria analysis seems to be better in measuring intangibles and soft impacts than cost benefit; actually, it uses more than one criterion introducing qualitative aspects in the analysis.
In order to get a thorough understanding of the status of smart grid development, the main SMART criteria (they have to be Specific, Measurable, Attainable, Relevant and Time-bound) can be defined. Starting from eleven main benefits, presented in previous section, an adapted list of main criteria is defined in our approach, including:
 Technology, covering all aspects of advanced services and new requirements imposed to the distribution and transmission network;  Costs;  Customer satisfaction, encompassing different options of customer choice, new energy services and market participation;  Environmental impact. Introducing this higher level of four main criteria, after the first set of benefits defined on the base level of efficiency assessment, the higher level of assessment with four criteria explained above can be established. Different levels between relations can be set up in terms of the volume of their inter connectedness.
Multi-criteria methods differ in the way the idea of multiple criteria is treated. Each method shows its own properties with respect to the way of assessing criteria, the application and computation of weights, the mathematical algorithm utilised, the model to describe the system of preferences of the decision maker, and finally, the level of uncertainty embedded in the data set.
Because of the main characteristic of the adopted smart grid evaluation framework and its complex hierarchical structure, we proposed the fuzzy AHP methodology for the project evaluation, structuring a decision into a hierarchy of criteria, sub criteria and alternatives. By means of pair-wise comparisons of two (sub) criteria or alternatives, it generates inconsistency ratios and weighting factors to prioritise the criteria and alternatives. Sensitivity analysis can be applied to test the robustness of the priorities. The main characteristics of this methodology are presented in the sequel.
METHODOLOGY
Thomas L. Saaty developed the original AHP in the late 1970s [26] . In this method, human"s judgments are represented as crisp values. However, in many practical cases the human preference model is uncertain and decision makers cannot to assign crisp values to the comparison judgments. In these cases it is useful implementation of fuzzy AHP method. Fuzzy AHP method is designed to improve decision support for uncertain valuations and priorities. In this method the data and preferences of experts are evaluated under fuzzy set environment [27] . The use of fuzzy set theory allows the decision makers to incorporate unquantifiable information, incomplete information, non-obtainable information and partially ignorant facts into decision model [28] . The basic notions of fuzzy arithmetic are given in the Appendix.
Many authors have used fuzzy AHP method for solving problems in different areas: to solve multi-criteria problems involving qualitative data [29] , [30] ; water management [31] - [33] ; evaluation naval tactical missile systems [34] ; hazardous waste management [35] ; prioritization of human capital measurement indicators [36] ; shipping asset management [37] ; occupational safety management [38] , [39] . In this paper the fuzzy AHP method is used for smart grid projects ranking and selection, precisely because of many uncertain and non-tangible benefits and criteria involved in the smart grid projects. The fuzzy AHP method involves the following steps: (1) the overall goal (objective) is identified and clearly defined; (2) the criteria, sub-criteria, and alternatives are identified; (3) the hierarchical structure is formed; (4) pair-wise comparison is made using fuzzified Saaty"s evaluation scale; (5) the priority weighting vectors are evaluated; (6) the defuzzification and the final ranking of alternatives are defined.
In this study, the fuzzy AHP method is applied to the ranking of smart grid projects, according to following steps.
1. Goal identification. The goal is to rank different smart grid projects. 2. Identification of criteria, sub-criteria, and alternatives. Criteria for smart grid projects selection are: technology, costs, user"s satisfaction and environmental protection. Sub-criteria are project performance: sustainability, capacity of transmission and distribution grids for "collecting" and bringing electricity to the consumers, possibility of grid connection and access for all kinds of grid users, security and quality of supply, efficiency and good service in electricity supply and grid operation, effective support of transnational projects and electricity markets, transparent information to consumers. Finally, the smart grid projects are identified as alternatives.
3. Hierarchical structure formation. The Fuzzy AHP method presents a problem in the form of hierarchy: the first level represents the goal; the second level considers relevant criteria (four identified criteria); the third level considers relevant sub-criteria (seven identified sub-criteria); and the fourth level defines smart grid projects.
4. Pair-wise comparison. Pairs of elements at each level are compared according to their relative contribution to the elements at the hierarchical level above, using fuzzified Saaty"s scale, as shown in Table 1 . Demonstrated dominance (7-δ, 7, 7+δ) 9
Absolute dominance (9-δ, 9, 9) 2, 4, 6, 8
Intermediate values (x-1, x, x+1)
In this paper fuzzification is implemented by triangular fuzzy numbers, and the value of fuzzy distance of 2 is used; on boundaries, (1,1,3) is used for 1, and (7,9,9) is used for 9. It is used a fuzzy distance of 2 for odds (3, 5, 7) , and a fuzzy distance of 1 for pairs (2, 4, 6, 8) , as recommended in [33] , because the most consistent results can be expected.
Pair-wise comparisons at each level, starting from the top of the hierarchy, are presented in the square matrix form 
Elements of criteria weighting vector, with respect to Equation (A.7), are determined as:
Performance weighting vectors are defined by pair wise comparison of performance according to every single criterion. Appropriate elements of this vector, according to Equation (A.7), are calculated as follows:
where x ij represents the fuzzy weights of the i-th performance with respect to the j-th criterion. Final performance weights are derived through the aggregation of the weights at two consecutive levels, i.e. multiplying performance weights by criteria weights: 
Finally, the smart grid projects are compared according to the relevant performance. Proper weights of projects for individual performance are determined according to Equation (A.7), as follows:
where y ij represents the fuzzy weights of the i-th project with respect to the j-th performance. Final smart grid projects weights are obtained by multiplying the weights of the projects and the final performance weights:
6. Defuzzification and the final ranking of alternatives. In this paper triangular fuzzy numbers are ranked by applying the total integral value method. This method is used for ranking of smart grid projects according to moderate and optimistic attitude toward risk.
RESULTS AND DISCUSSION
The proposed methodology is illustrated on the choice of the smart grid deployment strategy in a hypothetical power distribution company of medium size. The company is supposed to supply 50 000 consumers, and the list of alternatives with the description of proposed actions and appropriate indicators is given in Table 2 . Three alternatives are evaluated, encompassing four activities introducing new technologies in the distribution network: replacement of old meters with the remotely read meters; the remote control and introduction of substation in the SCADA system; dynamic line rating of transmission lines; construction of new photovoltaic plant embedded in the distribution network. All activities are planned inside the same approximate budget of 5 000 000 € and the planners proposed three different development strategies.
Using the presented methodology, experts (in the field of smart grid technologies and multi-criteria decision-making) ranked three smart grid projects whose characteristics are presented in Table 3 .
The proposed set of actions is bringing some qualitative and quantitative benefits. For instance, the increased number of advanced meters installed in the first alternatives will strongly affect both the adequate grid connection because of the enhanced low voltage network management and transparent information to consumers. The quantitative aggregated performance indicators for different alternatives are calculated and represented in Table 3 . Although the calculation of these parameters is outside the scope of this paper, the relation between the proposed actions and the expected results is obvious. Energy loss reduction is caused by the dynamic line rating enabling the more economic line loading and the connection of the photovoltaic plant (row 1). This renewable source is reducing the carbon emission according to the installed plant power (row 2). Finally, the automation of substations reduces the probability of injures during the equipment manipulation (row 3).
Experts first performed pair wise comparison of the following criteria: technology (C 1 ), costs (C 2 ), customer satisfaction (C 3 ) and environmental (C 4 ). The results of the comparison, fuzzy weights, final weights (FWs) and ranks of criteria are shown in Table 4 . Then the experts compared the following performance indicators in relation to every criterion: sustainability (SC 1 ), capacity of transmission and distribution grids for "collecting" and bringing electricity to the consumers (SC 2 ), possibility of grid connection and access for all kinds of grid users (SC 3 ), security and quality of supply (SC 4 ), efficiency and good service in electricity supply and grid operation (SC 5 ), effective support of transnational projects and electricity markets (SC 6 ), transparent information to consumers (SC 7 ). This step is necessary because of different economical, social and political conditions for different distribution companies. As stated above, the pairwise comparison made by experts is performed both by qualitative and quantitative indicators. For instance, security criteria (SC 4 ) can be supported by the reduction of injuries (Table 3) , while the market development criteria (SC 6 ) is much more susceptible to subjective experts judgments. The results are presented in Tables 5 to 8 . Table 7 The pairwise comparison matrix of sub-criteria in relation to the customer satisfaction. 
SC
At the end, three smart grid projects (Project Tables 3 and 4 as presented in Table 9 . 
After the defuzzification of final weights vectors of performance and projects, according to Equation (11) , performance and smart grid projects are ranked. Ranking results are shown in Table 10 (FWs are final weights). Based on the previous results, we can conclude the following: 1. The most important criterion for the selection of smart grid (for this particular distribution company) is the selected technology, followed by the costs, the customer satisfaction and the environmental protection (Table 5 ). Advanced technology increases the efficiency and security of energy supply of high performance, thus increases user satisfaction and protects the environment.
2. In relation to the technology, the best ranked performance is security and quality of supply; in relation to the costs -grids for "collecting" and bringing electricity to the consumers; in relation to the user satisfaction -possibility of grid connection and access for all kinds of grid users; and in relation to the environmental protection -sustainability.
3. The final ranking of the project performance, based on all criteria, is:  security and quality of supply  efficiency and good service in electricity supply and grid operation  capacity of transmission and distribution grids for "collecting" and bringing electricity to the consumers  effective support of transnational projects and electricity markets  transparent information to consumers  sustainability  possibility of grid connection and access for all kinds of grid users. The best-ranked performance (security and quality of supply, and efficiency and good service in electricity supply and grid operation) are supported by the advanced technology.
4. The final rank of the alternatives indicates that the highest rank has the A 3 project, followed by the A 2 project; the lowest priority has the A 1 project. This means that for the implementation of the smart grid Project 3 should be selected.
CONCLUSION
In this paper, starting from a general set of smart grid performance indicators, a new assessment framework for the evaluation of the smart grid efficiency has been established, as one of the main conditions for the successful implementation of any energy management program. Using the fuzzy AHP methodology with four main criteria and seven sub criteria derived from the adopted set of smart grid benefits, we proved that the method is highly successful in the evaluation of alternatives in the presence of heterogeneous criteria. This method allows the decision makers to incorporate unquantifiable information, incomplete information, non-obtainable information and partially ignorant facts into decision model.
The proposed methodology is illustrated on the choice of the right smart grid deployment strategy in the medium size power distribution company. The analysis shows that the dominant performances of the optimal smart grid project are the selected technology, followed by the costs, the customer satisfaction and the environmental protection. This methodology is applied to the general assessment of smart grid efficiency, while the further research will be focused on particular aspects of the project implementation.
